Introduction
The ability of bacterial pathogens to acquire iron is essential for both their survival and infectivity. In order to acquire iron, bacteria have evolved specialized systems to directly utilize iron from the host and from heme (iron protoporphyrin IX in any oxidation state) containing proteins. [1] [2] [3] [4] [5] In a significant number of bacterial pathogens, the final step in heme utilization is the heme oxygenase (HO) dependent oxidative cleavage of the porphyrin macrocycle to biliverdin and carbon monoxide with the release of iron. 6, 7 Accordingly, as the final and critical step in iron utilization from heme, the bacterial heme oxygenases provide a unique therapeutic antimicrobial target.
A variety of Gram-negative pathogens, including those that cause many endemic and life-threatening diseases such as Neisseria meningitidis 8 and Haemophilus influenzae, 9 the causative agents of some forms of meningitis, and enteric pathogens such as Vibrio cholerae 10, 11 and Shigella dysenteriae 12, 13 have evolved sophisticated mechanisms for iron acquisition that involve direct utilization of heme-containing proteins. Neisseria meningitidis, an obligate human pathogen, is usually restricted to the nasopharynx but can invade the bloodstream and cause infections in the meninges and occasionally the synovial membranes of joints. 14 Although little is known on the bioavailability of heme on human mucosal surfaces, Neisseria spp. show phase variation in the type of iron and heme receptors expressed in response to physiological and environmental conditions. 15 This allows the bacteria to establish infections in environments where the heme availability may be extremely low through a combination of hemolysis and high-affinity outermembrane heme receptors that internalize the heme.
Heme uptake and utilization are also employed by opportunistic pathogens such as Pseudomonas aeruginosa, which has multiple systems for iron uptake, including two Furregulated heme uptake operons. 16 P. aeruginosa has become an increasing cause of nosocomial infections in immune compromised patients and is the primary cause of chronic lung infections in individuals with cystic fibrosis (CF) disease. 17, 18 In CF patients the virulence of P. aeruginosa is heightened by its ability to form biofilms, [19] [20] [21] [22] leading to antibiotic resistance profiles due to the inability to effectively eliminate the infective agent from such biofilms. 21 Approximately 40% of CF patients succumb to fatal infection becasue of antibiotic-resistant P. aeruginosa infections. 17 Notably, a knockout of the heme oxygenase gene in P. aeruginosa (pigA::gen) develops heme toxicity when heme is the sole iron source, 23 suggesting that inhibiting pa-HO a in vivo will result in toxicity and ultimately decreased virulence of the pathogen.
An important consideration in the design of a novel antibiotic is its specificity for the target protein. In the present case this consideration is in the context of the bacterial versus the human forms of heme oxygenase. Comparison of heme oxygenase from N. meningitidis (nm-HO) with the mammalian enzymes shows the solvent accessible surface to be significantly smaller in both nm-HO and pa-HO, ∼7.5 Å 3 , when compared to their mammalian counterparts, which range from 43.6 to 59.7 Å 3 . [24] [25] [26] [27] Such a structural difference suggests that low molecular weight inhibitors of nm-HO can be identified that are specific for the bacterial versus the human protein and thus may act as lead compounds in the development of potential antimicrobials.
A second consideration in the development of an antibiotic is its spectrum of activity. While most of heme oxygenases have a regioselectivity for the R-meso carbon, which is released as CO to yield R-biliverdin, the iron-regulated heme oxygenase of P. aeruginosa (pa-HO) is regioselective for the δ-meso carbon. 23 However, pa-HO shares 33% identity with nm-HO while both bacterial heme oxygenases have less than 15% homology with the mammalian enzymes, increasing the probability of identifying inhibitors specific for the bacterial enzymes. Thus, the potential exists for the development of novel antibiotics targeting nm-HO that may be specific for other bacterial pathogens while having the necessary specificity for bacterial over mammalian HOs.
A further consideration in exploiting HO inhibition as the basis for antibiotic development is the presence of siderophores secreted by many Gram-negative pathogens. Siderophores are high-affinity iron chelating complexes that sequester iron and actively transport the ferri-siderophore complex into the cell via a specific outer-membrane receptor. 28 However, the availability of iron for microbial assimilation within the human host is extremely limited with the majority of iron sequestered in hemoglobin and other hemeproteins (approximately 95%). Therefore, despite the presence of alternative mechanisms for iron uptake, during infection it is anticipated that blocking heme utilization has the potential to decrease the virulence of N. meninigitidis and P. aeruginosa, as well as other Gram-negative bacteria.
Discovery of novel inhibitors for a target protein can be greatly facilitated by the use of computer-aided drug design (CADD). 29, 30 In particular, virtual database screening approaches offer the potential to identify novel chemical entities with a high probability of binding to a target protein, as seen in a variety of studies. [31] [32] [33] An essential requirement for the application of such screening approaches is the existence of 3D structural information on the target protein, information that is available for a number of heme oxygenases from different sources, including those of the human as well as the N. meningitidis, C. diphtheriae, and P. aeruginosa bacterial enzymes. 24, 27 In the present manuscript, by taking advantage of the 3D crystal structure of nm-HO combined with CADD approaches and experimental assays, we have identified novel inhibitors of nm-HO. In addition, these compounds also inhibit the heme oxygenase from the opportunistic pathogen P. aeruginosa, indicating their potential for development into novel broadspectrum antibiotics.
Results
Database Screening. In silico database screening was performed to identify low molecular weight compounds with a high probability of binding to the heme pocket of nm-HO. To initiate this process, it was necessary to obtain conformations of the apo form of nm-HO (i.e., heme not bound) in which the heme binding pocket was in an "open" or accessible state. These were obtained via an MD simulation of the apo protein from the crystal structure of nm-HO 27 (as outlined in the Experimental Section). To identify such conformations, the accessibility of the heme binding pocket was monitored by following the His-23 to Gly-116 distance as a function of time (Figure 1 ). From this plot it is evident that more accessible conformations of the binding pocket are sampled at the 5575, 16 455, 16 805, and 19 965 ps snapshots. Accordingly, these four conformations of nm-HO were selected for the database screening calculations.
Primary screening of the complete 800 000 compound database of low molecular weight compounds that have druglike characteristics was performed using a single conformation: the 5575 ps structure from the MD simulation. The top 50 000 compounds were selected from the primary screen based on the N normalized van der Waals (vdW) attraction interaction energy. The normalization procedure corrects for the tendency of scoring, based on interaction energies, to be biased toward the selection of higher MW species, 34 and use of the vdW attractive energy selects compounds that have good steric overlap with the protein thus avoiding compounds that have very favorable electrostatics but do not have shape complementarity with the binding pocket. The selection procedure yielded a distribution with an average MW of 279 ( 77 Da, a value that is ideal for studies in which lead compounds are to be identified. 35 The selection of MW compounds in this range facilitates future lead optimization of the active compounds, a process that tends to increase the MW of the lead compound during the optimization process. In addition, when the number of low MW compounds selected is increased, it is anticipated that absorption and disposition properties of those compounds will be improved. 36, 37 The 50 000 compounds from the primary screen were then subjected to a secondary screen. In this screen conformational flexibility of the protein is partially taken into account by screening the 50 000 compounds against four protein conformations. Moreover, additional energy minimization is included during the secondary docking to improve the accuracy of the docked poses and of the scores. Because compounds dominated by favorable electrostatics were excluded in the primary screen, scoring for the secondary screen was performed using the total interaction energy along with N 3/5 normalization to obtain a desirable MW distribution. 34 From this process the top 1000 compounds were selected.
Compounds selected from the DOCK based database screening may be assumed to all structurally complement the target binding site and, thus, have the potential to bind to the protein. However, as we cannot evaluate all 1000 compounds experimentally; it is desirable to select compounds from the 1000 that have maximal chemical diversity, an approach that has been used successfully by us in previous studies. 38, 39 Obtaining diverse compounds was performed via similarity clustering based on chemical fingerprints. This process leads to approximately 100 clusters, following which one or two compounds were selected from each cluster for biological assay. This selection process emphasized identifying compounds that followed Lipinski's rule of 5, although in cases where all compounds in a cluster did not meet the criteria, a compound was still selected for assay. From this process a total of 153 compounds were obtained from commercial vendors. Initial experimental screening of those 153 compounds showed 37 to be soluble in either buffer or DMSO; these compounds were subjected to further experimental studies. Of the 37 compounds, 10 were shown to have inherent fluorescence and were not analyzed further in the current study. The fluorescent compounds as well as the remainder of the 153 compounds initially selected that were insoluble are being further analyzed for inhibitory activity.
Experimental Studies. A series of experiments were undertaken on the 27 soluble compounds to identify those that both bind to HO in vitro and inhibit HO activity in vivo. In these experiments both nm-HO and pa-HO were tested for binding affinity and the ability to inhibit enzymatic activity either in an E. coli expression system (nm-HO) or in the bacterial strain itself (pa-HO). Accordingly, systems for in vitro and in vivo selection were employed for both proteins in identifiying biologically active compounds targeted to an inherently virulent pathogen N. meningitidis and an important opportunistic pathogen P. aeruginosa.
Binding Affinities (K D ) of Selected Compounds. The initial experimental selection criterion was the ability of the compounds to bind to heme oxygenase, as determined by fluorescence quenching of the protein. Compounds were first tested for their excitation/emission spectral profiles to ensure they would not interfere with the emission profile of the purified protein. Of the 37 compounds, 8 were shown to have no intrinsic fluorescence associated with the compound but to have reduced protein (tryptophan) fluorescence when added in 10-fold excess. It is noted that in ongoing studies we are re-evaluating compounds that were insoluble or precluded from fluorescence screening because of intrinsic fluorescence based on NMR methods and MIC 50 assays with P. aeruginosa to identify a wide range of potential lead compounds.
The structures of the compounds that quenched protein fluorescence (1) (2) (3) (4) (5) (6) (7) (8) are shown in Figure 2 . The binding affinities (K D values) of the selected compounds calculated by the fluorescence titrations against both pa-HO and nm-HO are given in Table 1 . The binding affinities for the selected compounds were all in the micromolar range. These eight compounds were then subjected to additional experimental analysis as described below.
Inhibition of Biliverdin Production in an E. coli System Expressing nm-HO. The eight compounds were next assessed for their ability to inhibit the production of R-biliverdin in E. coli cells expressing nm-HO. Several of the compounds (1) (2) (3) (4) (5) inhibited the production of R-biliverdin in an E. coli expression system as judged by the lack of pigmentation in the cells (Table  1 and Figure 3A ). Extraction and HPLC analysis of the products from untreated cells or cells treated with compound 3 confirmed that the lack of pigmentation was due to the inhibition of R-biliverdin production ( Figure 3B ). As an internal standard, the product of the pa-HO reaction, which is a 30:70 ratio of -biliverdin/δ-biliverdin, was added to the lysed cells prior to extraction of the reaction products. As shown in Figure 3B , the extraction of biliverdin from untreated and cells treated with 1500 µM compound 3 yielded similar levels of the internal standard ( -biliverdin/δ-biliverdin). In stark contrast, a marked decrease in the nm-HO catalyzed R-biliverdin product is observed in the cells treated with compound 3. Integration of the R-biliverdin peak from the control culture compared to the treated cells (accounting for the levels of the extracted internal standard) gave an estimate of a 60% decrease in R-biliverdin product as a consequence of nm-HO inhibition.
Growth Inhibition of P. aeruginosa MPA01. Compounds 1-8 were further analyzed for their ability to inhibit the growth of MPA01 when given heme as the sole source of iron. MPA01 growth inhibition when heme is the iron source is a strong indication that HO activity plays a central role in obtaining iron necessary for cell viability. Compounds 1-8 at 10-1500 µM were assessed for the ability to inhibit growth in 96-well growth assays. None of the compounds tested inhibited the growth of MPA01 below 250 µM, whereas compounds 2 and 3 appeared to significantly decrease the growth of MPA01 at concentrations greater than 250 µM (data not shown). In order to determine if the growth end-points observed in the 96-well assays resulted from a slower growth rate versus cell death, the growth of MPA01 in the presence of 2 or 3 was monitored in larger cultures at a single 10 h time point and over the complete growth curve (Figures 4 and 5) .
The growth inhibition of MPA01 in the presence of 2 or 3 was monitored at a final 10 h time point with selected compound concentrations ranging from 10 to 1500 µM. MPA01 cultures grown under iron-restricted conditions in the absence or presence of the compounds did not show a significant difference in growth, indicating that the compounds themselves were not toxic to the cells ( Figure 4 ). Furthermore, inhibitory effects of 2 or 3 at 250 µM and above could be overcome on addition of Fe(III) pyoverdine (40 µM), an alternative iron source not dependent on HO activity, to the cultures. At concentrations of 3 at 500 µM and above, a slight inhibitory effect was observed even in the presence of Fe(III) pyoverdine ( Figure 4B ). In contrast, when hemoglobin was provided as the sole iron source, the cultures in the absence of 2 or 3 attained optical densities similar to those of iron-replete media, whereas those in the presence of the compound recovered approximately 40% of the growth of the control cultures with Fe(III) pyoverdine as an iron source (parts B and C of Figure 4 ). The present data are consistent with the observation presented above in which there is reduction of the R-biliverdin product in the E. coli expression system in the presence of 3, suggesting that direct inhibition of HO activity is also responsible for the growth inhibition observed in the MPA01 strain.
It was further determined that the inhibition of growth of MPA01 in vivo was due to a slower growth rate over a 6 h period. As shown in Figure 5A , in the presence of 3 (500 µM) the slower growth rate in iron-restricted media could be largely overcome on addition of Fe(III) pyoverdine. However, in the presence of hemoglobin as the sole iron source, the inhibition of growth was not overcome or restored to the levels observed for the Fe(III) pyoverdine supplemented cultures. In addition, the slow growth rate of the bacterial cultures was shown to be due to inhibition of enzymatic activity of HO and not altered (2); (B) HPLC analysis of the extracted products of the compound treated (---) and untreated (-) cultures. The peak observed at 3-5 min in the treated cultures is due to the extracted compound. The shoulder on the internal standard peak is due to -biliverdin. Extraction and HPLC analysis were carried out as described in the Experimental Section. levels of protein expression as judged by Western blot analysis ( Figure 5B ). Under iron-restricted conditions, as would be expected, the HO levels are up-regulated. Additionally, it was noted that in the presence or absence of 3 no significant difference in protein expression levels was observed. However, when supplied with Fe(III) pyoverdine, the HO levels decrease significantly and are undetectable after 6 h as the cells begin to utilize the iron provided by the siderophore uptake pathway ( Figure 5B ). 8 Similarly, the levels of HO expression decrease over time when hemoglobin is provided as the source of iron ( Figure 5C ). 8 The uptake and utilization of heme increase the cellular iron levels, initiating the Fur-dependent down-regulation of the heme uptake genes, including HO. However, the protein levels are still detectable after 6 h in the presence of hemoglobin versus Fe(III) pyoverdine, as heme appears to be a positive regulator of HO expression, whereas when iron is supplied via the siderophore pathway, the heme uptake genes are downregulated more rapidly. These results taken together indicate that the compound, when taken up by the bacteria cells, has no direct effect on the expression levels of the HO protein, further confirming that the decrease in biliverdin is solely due to inhibition of HO enzyme activity.
Discussion
The underlying premise for the CADD described in the current studies was to select small-molecule inhibitors of the nm-HO apoprotein that are not analogues of heme or utilize coordination via the iron of the heme. This is in contrast to previous studies where it has been shown that metal substituted porphyrins are effective competitive inhibitors of mammalian heme oxygenase. [40] [41] [42] [43] Some of these inhibitors, such as Zn(II) protoporphyrin IX and Sn(IV) protoporphyrin IX, have been used as therapeutic agents in the treatment of neonatal jaundice, a condition attributed to increased HO activity in newborn infants. However, because of the identical structural motif of the porphyrin macrocycle, such inhibitors have limited selectivity in that other heme-containing proteins including the cytochromes P450 (CYP), nitric oxide synthase (NOS), and soluble guanylate cyclase (sGC) are susceptible to metalloporphyrin inhibition. [44] [45] [46] Heme oxygenase inhibitors developed more recently include the imidazole-dioxolanes which have been shown to selectively inhibit the mammalian HO-1 (inducible) versus the HO-2 (constitutive) isoform. 47 The dioxolane inhibitors were developed by synthetic modification of the lead compound azalanstat, an inhibitor of lanosterol 14R-demethylase, a fungal CYP and a critical enzyme in the lanosterol biosynthetic pathway. 48 While these inhibitors are selective in that inhibition of sGC, NOS, and the CYP isoforms 3A1/3A2 and CYP2E1 were not observed in vitro, it is hypothesized that by focusing on developing small-molecule inhibitors that bind specifically to the apoprotein rather than compounds that coordinate to the heme iron, we can further increase the selectivity toward HO. This approach, combined with the dramatic difference in active site volume between the bacterial nm-HO and pa-HO versus the mammalian enzymes, discussed above should allow us to develop more selective inhibitors based on our initial lead compounds. However, the current approach has been shown to be effective in identifying inhibitors of the bacterial heme oxygenases, where 8 (Figure 2 ) of the 27 soluble compounds initially tested were shown to bind to HO in vitro and to inhibit HO activity in vivo. The active compounds will be further tested for selectivity toward the bacterial versus the mammalian heme oxygenases.
The predicted orientations of active compounds 1, 2, 5, 7, and 8 bound to apo nm-HO are shown in Figure 6 . Analysis of Figure 6A shows two of the compounds to span the heme binding pocket, residing between His-23 and Gly-116 and taking advantage of a range of interactions within the binding pocket. Interestingly, several of the compounds bind in a region in the back of the heme pocket previously identified in several bacterial crystal structure(s). The extent to which these compounds sample that region is particularly clear in Figure 6C , where it is seen that the compounds wrap around the proximal helix, binding well below the heme binding region. Binding to this region is particularly interesting in that it may facilitate the identification of compounds that bind specifically to heme oxygenases without having significant interactions with other heme binding proteins that do not contain such a pocket. Furthermore, this region of the pocket is significantly larger in the mammalian HO enzymes where a pronounced channel runs from the back of the cavity to the surface of the protein. 26 Future docking studies will more rigorously investigate the interactions of the lead compounds with this binding site as a means of identifying inhibitors that are selective toward the bacterial 25, 27 versus the human HO. 26 Several of the compounds were shown to bind to both pa-HO and nm-HO with binding affinities (K D ) in the micromolar range (Table 1 and Figure 2 ). The affinity of heme for the bacterial heme oxygenases ranges from 1 to 5 µM; 23, [49] [50] [51] however, it should be noted that in vivo heme is delivered to HO by a heme-trafficking protein, indicating that "free" heme binding affinities may not be relevant to the in vivo mechanism of heme inhibition. 52, 53 Further biological screening of the compounds revealed that in addition to in vitro binding to the HO proteins, many of the compounds also inhibited R-biliverdin production in E. coli cells expressing nm-HO (Table 1 and Figure 3 ). E. coli cells expressing nm-HO were not subjected to iron restriction and no significant decrease in cell density was observed between the untreated and treated cells, confirming that the compounds were not toxic to the cells. Cells expressing nm-HO have increased pigmentation due to the presence of biliverdin; however, cells in the presence of 3 showed a significant decrease in pigmentation. Extraction and HPLC analysis of the product in the presence of 3 confirmed a reduction in biliverdin production ( Figure 3B ). These data taken together suggest that 3 is taken up by the bacterial cells and specifically targets HO enzymatic activity as judged by decreased biliverdin formation.
A critical factor in the current studies is the ability of the compounds, presumably by passive diffusion, to cross the bacterial cell membrane and to directly target HO activity under conditions where iron is limiting. The ability of the selected compounds to accumulate in cells and to inhibit endogenous pa-HO was further evaluated in the laboratory strain MPA01. The initial screening of 1-7 all indicated some degree of inhibition in the presence of heme as the sole source of iron (data not shown). The only exception was 8, which was toxic to the cells at concentrations above 250 µM (data not shown). Further analysis of 2 and 3 indicated significant inhibition of P. aeruginosa in iron-restricted conditions supplemented with heme as the sole source of iron. In contrast, the iron restriction of growth can be overcome even in the presence of 2 and 3 when iron is given in the form of Fe(III) pyoverdine. These observations indicate that the compounds tested inhibit the growth of P. aeruginosa under conditions of iron limitation where heme is the sole source of iron.
Although the in vitro K D values of all of the compounds tested were in the 5-30 µM range and the growth rates of MPA01 were inhibited at values greater than 250 µM, it is evident that the concentrations of 2 and 3 being reached within the cell are sufficient to compete with exogenously acquired heme for binding to HO. Additionally, it was noted that there was no significant difference in HO protein expression levels between cultures grown in the presence or absence of the compound, confirming inhibition of enzymatic activity rather than a decrease in total protein. Furthermore, although the structures of many of the compounds suggest they may be iron chelators, the growth rates of P. aeruginosa were similar in iron-replete media containing the compounds compared to those in the absence of the compounds. This would indicate that the compounds are not effectively chelating iron and reducing its bioavailability. Additionally, in iron-replete media containing 3 no increase in iron-dependent HO expression was observed in P. aeruginosa, which also indicates that the cells are not sensing iron-restricted conditions. These results are consistent with the observation that E. coli cells expressing nm-HO show decreased levels of biliverdin production in iron-replete media but no inhibition in growth rate or cell densities.
Therefore, on the basis of the previous observations, we hypothesize that under the iron-restricted conditions encountered by the organism on colonization, in which iron is sequestered in storage proteins (ie. ferritin and lactoferrin) and where heme may be a primary source of iron, the ability of the pathogen to establish an infection will be compromised in the presence of inhibitors targeted to heme utilization. 14 Indeed, it has recently been shown that for Staphylococcus aureus, heme is the preferred source of iron during the initial stages of infection. 54 However, while the levels of heme available to pathogens under different physiological conditions and disease states are not known, the high-affinity outer-membrane receptors allow bacteria to survive in environments where the heme may be extremely low. This is evident in the case of Haemophilus influenzae and Porphyromonas gingiValis, both of which have an absolute requirement for heme, as they lack the heme biosynthesis genes, and yet can successfully colonize the nasoand oropharynx, respectively. 55, 56 Therefore, even in environments where heme is extremely low, a slight degree of hemolysis induced by the action of secreted virulence factors would significantly increase the levels of hemoglobin available to the bacterial pathogen. In P. aeruginosa, secretion of the redox active pyocyanin virulence factor contributes to tissue damage and inflammation, increasing the availability of heme to the bacteria. 17, 18, 57, 58 Indeed, the levels of human HO-1 in the lungs of P. aeruginosa infected CF patients have been shown to be up-regulated in a cytoprotective response to bacterial induced oxidative stress and inflammation, highlighting the host's response in restricting access of the pathogen to heme. 59 Therefore, by effectively eliminating or restricting the ability of the pathogen to acquire and utilize heme, we would expect to see significant reduction in the virulence of the organism.
The compounds described herein are the first lead compounds developed to target the bacterial HOs and, more specifically, the apo-form of the enzyme. The compounds provide a first step in the development of potential antimicrobials that specifically target heme utilization as a mechanism in antimicrobial drug development. Although the current compounds lack many of the desirable features required for drug development, further screening and optimization of the current compounds by rational drug design methods, including identification and assay of analogues of the lead compounds, are anticipated to improve their biological efficacy.
The need to develop new antimicrobials, as well as new potential drug targets, is especially acute in the case of P. aeruginosa infections in CF patients, where the natural antibiotic resistance of the organism and the ability to form biofilms account for significant mortality in such patients. 17, 18, 57 Therefore, the compounds described in this report provide the potential for a new class of antimicrobial agents to target infections that are persistently difficult to combat with the current spectrum of antimicrobial agents.
Experimental Section
In Silico Database Screening. Identification of putative inhibitors was performed by screening of a virtual database of over 800 000 compounds 34 against the heme binding site of nm-HO. The virtual database represents a collection of low molecular weight compounds that are commercially available and predominately have druglike characteristics. 60 The database is based on compounds from four commercial vendors (Chembridge, Chemdiv, Maybridge, and Specs) from which the respective computerized catalogs were obtained and converted from SDF format to 3D MOL2 format, energy-minimized, and assigned AM1/CM2 charges 61 as previously described. 33, 38, 39, 62 To obtain multiple conformations of the heme binding site suitable for database screening, the apo form of the protein (i.e., without the heme) was subjected to an MD simulation. From this simulation four conformations that had significant solvent accessibilities of the heme binding site were selected for the database screening. MD simulations and related calculations were performed with the program CHARMM 63,64 using the all-hydrogen protein force field parameters, 65 including the CMAP enhancement, 66, 67 and the TIP3P water model. 68 The CRYSTAL module 69 in CHARMM was used for the periodic boundary conditions, and electrostatic interactions were treated using the particle mesh Ewald method. 70 Real space electrostatic and Lennard-Jones cutoffs were 12 Å with a force switch smoothing function 71 from 10 to 12 Å for the Lennard-Jones term. The nonbond list was maintained to 14 Å and heuristically updated. An integration time step of 2 fs, a temperature of 300 K, and SHAKE to constrain the covalent bonds involving hydrogen atoms 72 were used during the NPT simulation, which were performed using the Langevin piston algorithm. 73 Preparation of the protein for the simulation was initiated by obtaining the 3D structure of nm-HO complexed with heme from the Protein Data Bank (PDB) 74 (PDB identifier 1P3T); 24 the amino acid numbering herein represents the full-length sequence of the protein. The porphyrin moiety was removed, and the resulting structure (3114 atoms) was solvated. Solvation was performed by overlaying the protein with a pre-equilibrated box of water containing sodium of dimensions 70.5 Å × 64.6 Å × 60.4 Å, which is approximately 10 Å larger than the protein in all directions. All water or sodium ions with non-hydrogen atoms within 2.8 Å of the protein non-hydrogen atoms were then deleted. Energy minimization of the solvent molecules was performed for 300 steepestdescent (SD) steps in the presence of periodic boundary conditions with the protein atoms harmonically restrained. The system was then equilibrated via a 20 ps NVT simulation 75 with the harmonic restraints maintained on the protein. This was followed by initiation of the production NPT simulation. This simulation was extended for 20 ns with the initial 1 ns considered for equilibration and with coordinates from the trajectory saved every 5 ps. Conformations from the MD simulations were then selected for database screening as described in the Results.
Primary database screening was performed on a single nm-HO conformation corresponding to the 5575 ps snapshot from the MD simulation. Gasteiger charges were added to the protein using MOE (MOE, 2002; Chemical Computing Group Inc., Montreal, Quebec, Canada). Docking calculations were carried out with the DOCK program 76 using flexible ligands based on the anchored search method 77 with posing based on the total ligand-protein interaction energy. The solvent accessible surface 78 was calculated with the program DMS from the UCSF MIDAS package 79 using a probe radius of 1.4 Å. Sphere sets, required for initial placement of the ligand during database screening, were calculated with the program SPHGEN, part of the DOCK package. Spheres that lay inside the binding pocket on each side of residue His-23 were selected for the search because each site may display separate binding affinities and specificities. Ligand-protein interaction energies were approximated by the sum of the electrostatic and van der Waals attractive components as calculated by the GRID method 80 implemented in DOCK using default values. The GRID box dimensions were 30 × 30 × 36 Å 3 centered on a point placed approximately in the center of the binding pocket. During docking the posing of the ligands was based on the total interaction energy with the target protein; however, for primary screening, scoring was based on the attractive vdW interaction energy, as described in Results. Scoring for secondary screening used the total interaction energy.
The following operational parameters were applied in the docking runs. Database screening initially selected compounds containing 10 or fewer rotatable bonds and between 10 and 40 non-hydrogen atoms. Ligand flexibility was considered by dividing each compound into a collection of nonoverlapping rigid segments. Individual rigid segments with five or more heavy atoms (e.g., aromatic rings) were selected as "anchors". Each anchor was individually docked into the binding site in 200 separate orientations, based on different overlap of the anchor atoms with the sphere set, and was then energy-minimized. The remainder of each molecule was built onto the anchor in a stepwise fashion until the entire molecule was constructed, with each step corresponding to a rotatable bond. At each successive step the dihedral angle about the rotatable bond, which connected the new segment to the previously constructed portion of the molecule, was sampled in 10°increments and the lowest energy conformation was then selected. During the buildup process, selected conformers were removed on the basis of energetic considerations and maximization of diversity of the conformations being sampled, as previously described. 77, 81 The ligand orientation with the most favorable interaction energy was selected.
Previous studies in our laboratory have shown that the DOCK energy score is biased toward the selection of high molecular weight compounds because of the contribution of the compound size to the energy score. 34 Such biasing behavior was observed to depend on the shape and chemical properties of the binding pocket. Hence, a computationally efficient procedure was developed in which the energy score is normalized by the number of heavy atoms N in each respective compound or by a selected power of N. This normalization approach shifts the molecular weight distribution of the selected compounds into better agreement with that of the entire database.
Compounds selected from the primary screen were subjected to a secondary screen. This screen involved a more rigorous minimization that included simultaneous energy minimization of the anchor fragment during the iterative buildup procedure. In addition, three additional conformations of the protein obtained from snapshots at 16 405, 16 805, and 19 965 ps of the MD simulations were used such that each compound was docked individually against four conformations with the best score from the four runs used for final ranking of that compound. From the secondary screen, 1000 compounds were selected on the basis of the total interaction energy using N 3/5 normalization.
Selection of the final compounds for experimental assay involved maximizing the chemical diversity of the compounds as well as consideration of their physical properties. This was performed by dividing the 1000 compounds from the secondary docking into chemically dissimilar clusters by applying the Tanimoto similarity indexes 82 using the program MOE. The clustering procedure started with the calculation of the molecular fingerprints, followed by the calculation of the pairwise Tanimoto similarity matrix A(i,j) containing the similarity metric between the molecular fingerprints of compounds i and j. From A(i,j) , a binary matrix B was created such that B(i,j) has the value 1 if A(i,j) is equal to or greater than S or has the value 0 otherwise, where S is a user selected similarity threshold that determines if two compounds are defined as similar. The rows of the B matrix were then treated as fingerprints, where two molecules belong to the same cluster if the Tanimoto coefficient of their corresponding rows in B is greater than or equal to T, a user selected overlap threshold. This results in two molecules being clustered together if they are similar to the same set of molecules. In the present study the similarity threshold was set to 70% and the overlap threshold was set to 40%. Compounds for biological assay were selected from the dissimilar sets. This was performed by individually analyzing the clusters and selecting compounds from each cluster based on Lipinski's rule of 5, 83 including solubility (ClogP e 5), molecular weight (e500 Da), and the number of hydrogen bond donors (e5) and acceptors (e10). In addition, the chemical stability was considered. From 1000 compounds, a subset of 153 chemically diverse molecules were selected for biological assay and purchased from ChemBridge Corporation (San Diego, CA), ChemDiv Inc. (San Diego, CA), Maybridge (Cornwall, U.K.). and Specs (Cumberland, MD).
Bacterial Strains, Plasmids, and Media. Pseudomonas aeruginosa MPA01 (referred to as MPA01) was obtained from the University of Washington, Genome Center, Seattle, WA. The pa-HO and nm-HO genes cloned into pET21a were transformed into
for protein expression as previously described. 23, 51 Luria Bertani (LB) broth was used for growth and maintenance of E. coli strains in the presence of ampicillin, 100 µg/mL. MinA minimal medium plates were used for growth and maintenance of the MPA01 strain. Succinate minimal (SM) medium (pH 7.0) was used for all growth studies of P. aeruginosa.
General Methods. A stock solution of hemoglobin was prepared in SM medium (pH 7.0). Pyoverdine was purified as described by Dr. Jean-Marie Meyer, Department de Genetique Moleculaire, Denomique et Micorbiologie, Strasbourg, France (personal communication). Briefly, a single colony of MPA01 was grown in 10 mL of LB medium for 16 h. The culture was pelleted by centrifugation (4000 rpm for 10 min at 4°C) and resuspended in 1 mL of SM medium. A 1:1000 dilution was made into 1 L of SM and grown for 24 h. Subsequently, the culture was harvested by centrifugation in a Beckman JA-10 rotor (10 000 rpm for 15 min) at 4°C, and the resulting supernatant was acidified to pH 6.0. The acidified supernatant was applied to an Amberlite XAD-4 (Sigma) column (2.5 cm × 10 cm) previously washed with 50% methanol (MeOH) and extensively equilibrated with doubly distilled water. The column was washed with three volumes of water, and the pigment was eluted in 50% MeOH. The eluate was evaporated to dryness under vacuum and resuspended in 5 mL of water. The concentration of iron-free pyoverdine (1:1000) was determined in 0.5 M acetic acid-sodium acetate buffer, pH 5.0, with an extinction coefficient at 340 nm of max ) 16 500 M -1 cm -1 . 84 A stock solution of FeCl 3 (4.5 mM) was prepared in 0.5 M sodium citrate for reconstitution of the holopyoverdine. A 2.5 µM stock solution of apopyoverdine was reconstituted with FeCl 3 at a 1:1 ratio to yield the resulting holopyoverdine. All compounds were prepared by solubilization in dimethyl sulfoxide (DMSO) and added directly to the cultures or purified protein in the concentrations stated. MPA01 growth inhibition assays were carried out in SM medium with a range of compound concentrations from 0 to 1500 µM.
Protein Purification.The wild-type apo-nm-HO and pa-HO proteins were purified using the previously described procedures. 23, 51 Following purification of the apoproteins, residual biliverdin was removed by passage of the protein over a PBE 94 chromatofocusing column (1 cm × 20 cm) equilibrated in 0.025 M imidazole-HCl (pH 7.4). The apoprotein was eluted with a pH gradient from 7 to 4 with Polybuffer 74-HCl (pH 4.0). The proteins eluted at their respective pI values, and the Polybuffer was removed by ammonium sulfate precipitation and dialysis against 20 mM Tris-HCl (pH 7.5).
Measurement of the Binding Affinities (K D ) of the Selected Compounds. The results from binding of the compounds to aponm-HO and pa-HO were obtained by fluorescence titrations. Measurements were made on an ISS PC-1 spectrofluorimeter configured in the L format. Full excitation/emission spectra were recorded for each compound to determine the intrinsic fluorescence properties of the selected compounds. All experiments with either apo-nm-HO or pa-HO were carried out in 20 mM Tris-HCl (pH 7.5). The titrations were performed by addition of increasing concentrations of the selected compound (0.05-500 µM) while maintaining the apo-nm-HO and pa-HO protein concentrations at 1 µM. The optimal excitation wavelength for the apoproteins was 295 nm, and the fluorescence emission was monitored from 300 to 500 nm. The dissociation constants (K D ) were calculated from reciprocal plots of 1/∆A vs 1/[I] where the decrease in fluorescence, ∆A, at the maximum emission (330 nm) represents the fraction of occupied binding sites and where [I] is the concentration of the compound. The slope of the curve equals K D , as described by the following equilibrium:
The binding affinities (K D ) of each compound for both nm-HO and pa-HO were measured and calculated on the basis of the average of three separate experiments.
Biliverdin Detection in an E. coli Expression System. The nm-HO was expressed using modifications of a previously reported method. 51 A single colony of freshly transformed E. coli BL21 (DE3) cells was cultured overnight in 10 mL of LB medium containing 100 µg/mL ampicillin. The leaky expression of nm-HO in E. coli over a 16 h period gives rise to green pigmentation in the pellet as a result of heme turnover and R-biliverdin production. The cells following overnight growth in the absence or presence of compound 3 (1500 µM) were harvested by centrifugation (10000g for 15 min) . The pelleted cells were lysed in 50 mM TrisHCl buffer (pH 7.4) containing 1 mM EDTA, 2 mM desferroxamine, and 1 mM PMSF, and to the the lysate was added purified (50 µM) -biliverdin/δ-biliverdin as an internal standard. The soluble fraction was then extracted into chloroform, and the organic layer was washed three times with water and dried. The dried residue was resuspended in 500 µL of methanol containing 4% sulfuric acid and incubated for 6-8 h. The resulting biliverdin dimethyl esters were washed with water (×3), dried, and analyzed by HPLC as described previously. 85 Growth Inhibition of Pseudomonas aeruginosa MPA01 in the Presence of Selected Compounds. A 15 mL culture of MPA01 was grown from a single colony for 8 h at 37°C. The culture was diluted in SM medium to an OD 600 of 0.05. A 96-well plate assay was set up with 200 µL of MPA01 cultures in SM medium alone or containing 250-1500 µM compound, 25 µM hemoglobin ( 250-1500 µM compound, or 40 µM holopyoverdine ( 250-1500 µM compound where indicated. The cultures were incubated for 10 h at 37°C with aeration, at which point the OD 600 for all wells was recorded on a SpectraMax Plus 96-well plate reader (Molecular Devices).
To determine the growth characteristics of MPA01, in the presence of compound, through log phase and entering early stationary phase, a 15 mL overnight culture was set up from a single colony of MPA01 in SM medium at 37°C with shaking at 200 rpm. The following day the overnight culture was diluted to an OD 600 of 0.05 in 12 mL of SM medium containing 500 µM compound, 25 µM hemoglobin ( 500 µM compound, or 40 µM holopyoverdine ( 500 µM compound where indicated. The cultures were grown with aeration at 37°C, and the OD 600 was measured every hour over a period of 12 h. At 0, 6, and 10 h time points, 2 mL samples were collected for subsequent Western blot analysis. The pellets were lysed with approximately 350 µL of lysis buffer containing 50 mM Tris, 1 mM EDTA, and 1 mM PMSF. The samples were incubated on ice for 15 min, sonicated briefly, and spun at 4°C for 10 min to remove cell debris. The total protein concentration was determined by Bradford assay 86 (Bio-Rad Laboratories, Hercules, CA). For each time point, a total of 5 µg of protein in a final volume of 15 µL was loaded onto a 12.5% SDS-PAGE gel. The expression of iron-regulated heme oxygenase, pa-HO, was confirmed by Western blotting as previously described 87 using a polyclonal antibody raised against pa-HO (Covance Research, Denver, PA).
